Abstract-A model for simulating the remotely sensed microwave brightness temperatures of soils with rough surfaces is developed. The surface emissivity of the soil media is calculated from one minus its reflectivity, which is obtained by the integration of the bistatic scattering coefficients for rough soil surfaces. The soil brightness temperature is obtained from the product of the surface emissivity and the effective soil temperature, which is calculated with measured soil moisture profiles and soil temperature profiles at various soil depths. The roughness of a soil surface is characterized by two parameters, the surface height standard deviation a and its horizontal correlation length 1. The model calculations are compared to the measured angular variations of the polarized brightness temperatures at both L-band (1.4 GHz) and Cband (5 GHz) frequencies. A nonlinear least squares fitting method is used to match the model calculations with the data, and the best fit results produce the parameter values of a and I that best characterize the surface roughness. The effect of rough surface shadowing is also incorporated into the model by introducing a shadowing function S( 0), which represents the probability that a point on a rough surface is not shadowed by other parts of the surface. The model results for horizontal polarization are in excellent agreement with the data, both qualitatively and quantitatively. For vertical polarization, some discrepancies exist between the calculations and data. Possible causes of the discrepancy are discussed. The calculations show that the effect of surface shadowing is important at large incident angles for rough surfaces.
I. INTRODUCTION R ECENT interest in remote sensing with microwave sensors has attracted attention to the interaction of radiation with natural and agricultural soil surfaces. Many theoretical models [1] - [16] have been developed to simulate the remotely sensed data obtained from airborne/ spaceborne radiometers and scatterometers. These model results and data have demonstrated that the active and passive sensors are sensitive to changes in the soil dielectric properties, surface roughness, and vegetation covers over soil surfaces. Analysis of either passive or active microwave data involves many parameters, which are usually difficult to obtain over large areas. These parameters are the dielectric properties, surface roughness, and veg- etation cover. Theoretical simulation of the data can help us to understand the interaction of the microwave radiation with the soil media and the relative importance of these parameters. In recent studies [6] , [9] , Mo et al. successfully modeled the measured angular variations of radar backscattering coefficients of vegetation-covered fields, using a rough surface scattering model. Their model results demonstrated excellent agreement between the calculations and the airborne scatterometer data.
For passive remote sensing, the surface emissivity can also be modeled with the same scattering model, using the integrated bistatic scattering coefficients.
In this study, the bistatic scattering coefficients of the rough surface scattering model (corrected for the surface shadowing effect) are integrated to obtain the reflectivity at the air-soil interface and then the surface emissivity is calculated from one minus this reflectivity. The results are compared with the data collected by Wang et al. [17] from truck-mounted radiometers at the frequencies of 1.4 GHz (L-band) and 5 GHz (C-band). For a bare field, the calculation involves two parameters, the surface height standard deviation a and its correlation length 1. A nonlinear least squares fitting method is used to obtain the best fit values of a and 1, which can produce results that best match the angular variations of the measured brightness temperatures. We present a systematic analysis of a large collection of radiometer data. Our main effort is to test the scattering model on a large data base representative of a wide range of surface roughness condition and soil moisture content.
Section II gives a brief description of the basic model used in this study. The model results and the best fit parameters are presented in Section III. A discussion of these results and parameters is given in Section IV.
II. THE MODEL
The thermal emission model used in this study is based on the Kirchhoff method for solving the rough-surface scattering of electromagnetic waves [18] . A detailed description of this method and a theoretical derivation of the bistatic scattering coefficients have been given by Fung and Eom [2] , by Ulaby et al. [5] , and by Tsang and Newton [10] .
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(1) and where Rp (0) is the reflectivity of the rough surface and Te is the effective temperature of the soil media. Te is an attenuation-weighted average of the soil temperature profile of the radiating surface layer that has contribution to the observation [14] . The letter p (= H or V ) is the polarization index, representing either the horizontal or the vertical polarization.
The rough surface reflectivity Rp (0) consists of a coherent component Rcoh (0) and an incoherent component Rinc ( 0 )
Both Rcoh (0) and Rinc( (0) can be obtained from the integration of the bistatic scattering coefficients of the rough surface [5] .
If the roughness of a surface is characterized by the two parameters: the surface height standard deviation a and the correlation length 1, then the two components in (2) can be written as [2] , [5] Rp ( 
(6)
The quantities ao and a in (4) are polarization-dependent coefficients. Explicit formulas for these polarization coefficients under HH, VH, VV, and HV polarization states can be found in [2] and [5] . The quantity ao is proportional to Rpp [2] , [5] ; therefore, orr will approach zero if Rpp becomes vanishingly small, as shown in the case of the vertical polarization at large angles.
The formulas given in (1) to (5) were derived without including the correction of shadowing effect of a rough surface scattering. The shadowing effect arises when part of a rough surface may be shadowed by other parts of the surface at a given incident angle.
This shadowing effect can be incorporated into the model by introducing a shadowing function S(0), which is defined as the probability that a point on a rough surface is not shadowed by other parts of the surface. Since the effective surface area for scattering of waves is reduced if shadowing occurs, the reflectivity, Rp (0) as defined in (1) to (3), also decreased appropriately. To correct this shadowing effect, we replace the quantity Rp (0) by a modified reflectivity Rpf(0), which can be approximated by [5] where h = 4k2r2 (k is the wavenumber) and Rpp 12 is the reflectivity of a smooth surface. The quantity a' (Q, 95) is the incoherent bistatic scattering coefficient for a wave of polarization p from the incident direction Q = (0, 4) scattered into the outgoing direction 5 = (05, q5,) with polarization q.
The quantity a'p in (3) depends on the statistical properties of a rough surface. Models for a', have been developed by many investigators [2] , [5] , [10] , [18] , [19] for both Gaussian and non-Gaussian surface statistics. For mathematical simplicity, the Gaussian form of correlation function has been widely used in the calculation of bistatic scattering coefficient. In this study, we assume a Gaussian correlation function p ( t ) = exp ( 2 / 12) for a rough soil surface, where t is a distance on the surface. Then it can be shown that the incoherent component of the bistatic scattering coefficient can be expressed in terms of the two -surface parameters, a and 1 [2] , [5] or (Q2 Qs) = (kl )2 |a2 --Re (aoa*) (q, cos 4) + qy sin 5) jM (4) where a* is the complex conjugate of a and Rp(0) = S(0) Rp (O) (7) where Rp (0) is still defined by (3). The shadowing function S(0) has been studied by many investigators [20] - [23] . In this study, the function S(0) given by Wagner [22] is used, and it has the form respectively. These curves demonstrate that the shadowing function S(0) has little effect on the scattering at small incident angles, but its effect becomes significant at large angles and as the slope of a rough surface increases. Energy conservation at the air-soil interface requires that the sum of reflectivity and transmissivity obtained from the same model equals to 1. For the Kirchhoff scattering model (which is used in this study), test of the energy conservation has been performed by Eom [11] and the results are also given in [5] . It showed [5] , [11] that the sum of the calculated reflectivity and transmissivity from the Kirchhoff model must be multiplied by a shadowing function in order to satisfy the energy conservation. Although the shadow function used in [5] , [11] is different from the one given in (8) , it produces effect similar to that as shown in Fig. 1 .
Replacing Rp (0) by Rp (0) in (1), one has the expression for the brightness temperature, including the shadowing effect (9) where ep = 1 -Rp(0) is the surface emissivity. Equation (9) will be used in this study to calculate the brightness temperature TH ( 0 ) and Tv ( 0 ). The results are presented in the next section.
III. THE RESULTS
The radiometer data of brightness temperature collected by Wang et al. [17] were used in this study to match the calculated results from the formulas, given in the previous section. These data at L-band (1.4 GHz) and C-band (5 GHz) frequencies were obtained with two truck-mounted radiometers in 1981 over three field plots of a test site at the USDA/Beltsville Agricultural Research Center (BARC). Angular variations for both TH and Tv were measured for incident angles from 0 = 100 to 70°in 100 steps. Soil moistures were taken within the four depth intervals of 0-0.5 cm, 0-2.5 cm, 2.5-5 cm, and 5-10 cm, while soil temperature profiles were taken at the depths of 1.25, 2.5, 7.5, and 15 cm, respectively. These ground truth data were used to calculate the soil dielectric constant e [25] , the effective soil temperatures Te, and the smooth surface reflectivities Rpp 12, which are needed in the model calculations. The surface conditions for plots 121, 221, and 223 were visually classified as smooth, medium rough, and very rough, respectively. The surface roughness, which can be characterized by the two parameters a and 1 (the surface height standard deviation and correlation length), has significant effect on the observed and calculated brightness temperatures.
A nonlinear least squares fitting method is used to match the theoretical model calculations with the data. Angular variations of measured brightness temperature were fitted with (9) by varying the two parameters ka and kl. It is convenient to take the dimensionless quantities ka and kl, instead of a and 1, as the adjustable parameter because the wavenumber k always appears with a and 1 in the theoretical formulas. Before matching with the data, the calculated TH and Tv results were averaged over an angle range AO corresponding to the beamwidth of the radiometer antenna gain patterns which were Gaussian in form with 3-dB beamwidth of 130 for both L-and C-band frequencies [17] .
Representative best fit results and comparison with the data at both L-and C-bands are shown in Figs. 2 to 4, respectively, for each of the field plots. In these figures, the solid and dashed curves represent the calculated results obtained with the best fit parameters for the TH and Tv polarizations. The best fit parameters are listed in each figure, and the soil moisture content (in weight percent) within the 0-2.5-cm surface layer is given together with the date (month /day / year) when the data were taken. The effective soil temperature Te is also listed. Fig. 2 shows the best fit results and comparison with the data collected from the smooth field plot 121. Since this is a relatively smooth surface, the ka values required for both C-and L-band are very small. Therefore, the calculated results in Fig. 2 can be taken as a case of plane surface model. The results in Fig. 2 demonstrate that the agreements between the calculations and the data are reasonably good, especially for the TH component, which can be reasonably reproduced at all incident angles.-However, the agreement for the vertical polarization is not as good as the horizontal case, particularly for the large incidence angles. Also the differences are greater at L-band than at C-band. There are three causes for this discrepancy which we have considered. One is related to the Brewster's angle effect, the second is polarization mixing in the collected data, and the third is a possible calibration error in the L-band radiometer.
At Brewster's angle, which occurs around 600 for moist soils, both the smooth surface reflectivity IRv 12 and the rough surface reflectivity Rv(0) defined by (3) vanish, and thus perhaps we are observing a limitation on the applicability of the Kirchhoff approximation when the reflectivity is very small. This shows that the model is inadequate to account for the Tv data from rough surfaces [26] .
Polarization mixing in the collected data might happen if the scattering surfaces were not smooth. The fact that the angular variations of the observed Tv component for the L-band case (Fig. 4) follow the TH data so closely may imply possible polarization mixing. It can be shown [7] [24] where the calibration of the microwave radiometers over a smooth water surface was described. It was observed there that the L-band vertically polarized measurements always gave a higher brightness temperature at 0 = 10°-202 and a lower value at 0 = 500-700, showing the same trend in the data presented in this study. This observed phenomenon was probably caused by the antenna side lobe looking far away from the main beam. At small 0, the side lobe would aim at the trees surrounding the water target, resulting in a higher brightness temperature. At large 0, it would look into the cold sky, resulting in a lower brightness temperature. The measurements over the water surface at L-band horizontal polarization and at both polarizations of the C-band radiometer did not show the same phenomenon. However, we do not have the antenna patterns to verify this factor. Typical best fit results to the data collected over the medium rough field are shown in Fig. 3 . The surface roughness of this plot is larger than that of plot 121 (see Fig. 2 ), therefore the best-fit results provide larger values of ka than those given in Fig. 2 , as expected. Fig. 3 shows that the calculated results agree well with the measurements, particularly for the TH components. It is expected that the shadowing function S(0), as shown in Fig. 1 , has a significant effect on the brightness temperature in the case of a very rough surface. This is demonstrated in Fig. 4 where the dashed curves are obtained by excluding the shadowing effect from the calculations. The ka and kl values used in obtaining the solid and dashed curves in Fig. 4 are identical. Fig. 4 shows that the shadowing effect produces big changes in the calculated values of the brightness temperatures at large angles, while there are little noticeable changes in the results at angles less than 30°for the TH component, and up to 60°for the Tv component. The shadowing effect on TH and Tv begins at different incident angles because the numerical value of RH differs from that of Rv.
The brightness temperature sensitivity to the variation of individual parameters is illustrated in Fig. 5 , where the solid curves are the best fits to the data. The dashed curves in Fig. 5(a) were obtained by keeping kl = 2.65 at the best fit value, but the surface height standard deviation was increased to ka = 1.64 (which is 50 percent larger than the best fit value). As one would expect for an increasingly rough surface, the larger ka value produces higher brightness temperatures. On the other hand, the dot-dashed curves in Fig. 5(a) were obtained with ka = 1.09 (the best fit value), and kl = 3.97 (50 percent larger than the best fit value) and colder brightness temperatures were resulted. Fig. 5(a) shows that the two parameters can be compensatory to each other in the nonlinear least squares fit to the data, and that the pair of best fit parameter values may not be unique, unless one of the parameters is predetermined. However, the slope ratio m = (ka/kl) is probably more uniquely determined from best fit results, as shown in Fig. 5(b) where the dashed curves represent the effect of a 50-percent increment in both ka and kl. The m values for both the solid and dashed curves in Fig. 5(b) remain constant (m = 0.41). It can be seen from Fig. 5(b) that the dashed curves approximately coincide with the best fit results (the solid curves), except for the TH component at angles greater than 500. These dashed curves could be considered in agreement with the data within experimental errors, although they were obtained with parameters which are 50 percent larger than the best fit values.
Besides those shown in Figs. 2 to 4 , additional fits to the data were also performed. The best fit parameters obtained from these fits are listed in Tables I and II Figure 2 .
given in the last two columns, respectively. Mean values of these parameters (in Tables I and II) Tables I and II are not the same. The reason for this difference in m values at the two frequencies is not well known; however, recent studies indicate that the degree of surface roughness is frequency dependent [12] . Physically, the two surface roughness parameters a and 1 can be "measured" from the surface height profiles. Table III gives a set of the measured values of or and 1, which were extracted from a group of photographs that recorded the surface height profiles during the data collection period. These photograhic surface height profiles were digitized and used to calculate the or and 1 values, as listed in Table III , which also contains the mean m values from the best fit results. One should note that the rms slope of a rough surface with Gaussian correlation function is given by mn = V2m.
The measured or and 1 values given in Table III only provide the conditions of the surface roughness for one day, while the data were collected over a period of three months. Therefore, one would not expect that these measured parameter values (in Table III ) agree well with the best-fit values (in Tables I and II) , which have large variations over the data-collection period. Figure 4 . 1. m E Qlt, whereas a and I are from the measurements as listed here. Tables 1 and 2. 3. mc represents the mean C-band results from Tables 1 and 2. 4. The rms slope is defined as m = /2 m. Tables I and II) to the measured m values in Table III . Fig. 5 shows that the m value can be more uniquely de- termined than the individual ka and kl values. Table I shows that for plot 121, the mean value of m is 0.07, while the corresponding measured one is 0.06 (see Table  III ). The agreement in these two values is encouraging given the experimental uncertainties. Similar comparison of the mean m values for the other two field plots with the corresponding measured ones in Table III yields agreement not as good as for the smooth field but still reasonably close.
mL represents the mean L-band results from
IV. SUMMARY AND DISCUSSION We have developed a model for simulating the remotely sensed microwave brightness temperature of rough soil surfaces. The model is successfully applied to reproduce a series of measured angular distributions of polarized brightness temperature at both L-and C-band frequencies. The model is based on the Kirchhoff approximation of electromagnetic wave scattering at a rough air-soil interface, and its bistatic scattering coefficients are integrated (over the scattered angles) to obtain the surface reflectivity RP (6) , which also contains a rough surface shadowing function S(6), representing the probability of a point on a rough surface not being shadowed by other parts of the surface. A nonlinear least squares fitting method is used to obtain the best fit surface roughness parameters, which can generate brightness temperatures that best match the data of the horizontal and vertical polarizations of Tables I and II also correlate with the measured surface roughness, and in good agreement with the measurements (as listed in Table  III ) within experimental errors.
